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APPENDIX
In this Appendix, we compute the eigenvectors and the
Ž .eigenvalues of matrix L as defined by Eq. 8 . Let the column
vector v with column element  be an eigenvector of then
matrix L, with eigenvalue . It follows that
       2 , for n  1, 2, 3, . . . , Nn1 n n1 n
Ž .31
with    and    . In order to solve above differ-0 N 1 N1
ence equation, one assumes that the components of the
eigenvectors take the form
n n Ž .  a  b 32n
where the constants a and b are to be chosen in such a way
that the periodicity condition    , for j  0, 1, 2, . . . , isj N j
Ž . Ž .satisfied. Substitution of Eq. 32 into Eq. 31 leads to
2 1 Ž .        . 33
Making use of the periodicity condition, we find the eigenval-
ues and eigenvectors of L:
4 m 1
iŽ2 m  N . 2  e ,   sin  , andm m 2 N 4
  a eiŽ2 m n  N .  b eiŽ2 m n  N . ,n , m m m
Ž .m , n  1, 2, . . . , N 34
where a and b are constants. The desire to work with realm m
matrices dictates that we choose
1 Ž .a  , if m  1, 2, . . . , N  1 2m '2 N
1 Ž . Ž .a  , if m  N  1 2, . . . , N  1b  mm '2 N
1
a  , if m  N.m 'N
Ž .35
With the above chosen constants, we can show that P1  PT.
To prove this statement, it is sufficient to note that
N
TŽ .PP   nm Ý nk mk
k1
Ž .N1 2 N1
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ABSTRACT: An ocean polarimetric emission model is presented. It is
found that skewness and upwindcross-wind rms slopes are responsible
for the first and second azimuthal harmonic, respectiely. Atmospheric
effects contribute significantly at low wind speeds, and at horizontal
polarization at certain obseration angles. Simulation results compare
faorably with reported JPLWINDRAD measurements.  2001 John
Wiley & Sons, Inc. Microwave Opt Technol Lett 29: 426432, 2001.
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1. INTRODUCTION
Ocean wind speed and direction maps are routinely com-
puted from wind scatterometer data. Wind-speed maps are
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also routinely derived from vertical and horizontal microwave
 brightness temperatures. In 1992, Wentz 1 found small
wind-direction signatures in SSMI vertical and horizontal
brightness temperatures, and during the 1990s, airborne mea-
surements showed wind-direction signatures in the four Stokes
 elements 25 . In the near future, spaceborne polarimetric
 radiometers will be launched 6 .
Several approaches are found in the literature to compute
the azimuthal emission signature of a rough surface: the
Ž .  two-scalesmall-perturbation model SPM 7 , the small-
 slope expansion 8, 9 , Monte Carlo simulations using geo-
Ž .    metric optics GO 10 , and the method of moments 11 .
 Irisov 8 showed that the SPM and the small-slope expansion
method are identical. Strictly speaking, the SPM is accurate
Žat low frequencies, when k 	 0.3 k: wavenumber,  : rms
.  height , while GO is accurate at high frequencies 10 . Two-
scale models are probably the most frequently used, and they
 rely on the choice of a proper cutoff wavenumber k 12 .d
 This paper improves the analytical model by Stogryn 13
based on the Kirchhoff method under the stationary phase
approximation to include skewness and peakedness effects, in
addition to the asymmetry between upwind and cross-wind
rms slopes.
This paper is divided into five sections. Section 2 reviews
basic polarimetric radiometry concepts, and introduces the
Stokes vector. Section 3 describes the model, discusses the
effects of different upwind and cross-wind rms slopes, skew-
ness, and peakedness terms, two foam models, and atmo-
spheric effects. Section 4 presents model predictions at
37 GHz for different wind speeds and incidence angles.
Finally, Section 5 presents the comparisons between model
results and JPLWINDRAD measurements.
2. REVIEW OF BASIC POLARIMETRIC
RADIOMETRY CONCEPTS
The thermal emission from a surface bounding a semi-infinite
Ž .volume at a constant temperature T , in the direction  ,  ,s
 is described by the Stokes vector 3

Ž . ² :Ž . e  ,  E ET  ,  h h hh

Ž . ² :Ž . e  ,  E ET  ,     Ž . T  C 1
s ² :Ž . 2 Re E EŽ . e  , U  ,   hU

² :Ž . Ž . 2 Im E EV  ,  e  ,   hV
Ž . Ž .where T and T are the horizontal h and vertical h 
brightness temperatures, U and V are the third and fourth
Ž .Stokes parameters formed from the real Re and imaginary
Ž .Im parts of the complex cross correlation of the electric
Ž .fields emitted by the surface at horizontal E and verticalh
Ž . ² :E polarizations, is the expectation operator, C is an
instrument-dependent constant, and e , e , e , e are theirh  U V
emissivities.
The emissivities of an irregular surface in the XY-plane at
h and  polarizations, observed from an observation angle 
Ž . Žrelative to 0
 at nadir and an azimuth angle  relative to 0

.in the direction of the wind , are related to its scattering
 properties by 3, 14
Ž . Ž .Ž .   ,  ,      ,  ,  , e  ,  hhhh i i h h i ih 1
Ž . Ž .Ž . 1   ,  ,  ,     ,  ,  , e  ,      i i  h h i i 1 Ž .  cos  d	 2HH i iŽ . Ž Ž . Ž ..0e  ,  2 Re   ,  ,  ,     ,  ,  , 4 cos  2U  hhh i i   h i i
0Ž . Ž Ž . Ž ..e  ,  2 Im   ,  ,  ,     ,  ,  , V  hhh i i   h i i
where the polarimetric bistatic scattering coefficients
Ž .  , ,  ,  describe the scattering in the directionmn pq i i
Ž . Ž . ,  of a wave incident from the direction  ,  . Thei i
coefficient  describes the resulting cross correlation ofmn pq
the scattered waves at m and p polarizations due to incident
waves at n and q polarizations, respectively.
3. DESCRIPTION OF THE MODEL
Ž .The polarimetric bistatic scattering coefficients in Eq. 2 are
 derived following a procedure similar to Stogryn 13, 15 :
Ž .  ,  ,  , mn pq i i

2 2 22k q U U q1 1 qmn pq yx exp  4 2 2 2ž /cos  2 q   2 q  i z u c z u c
2q1 qy x
 1  c  121 ž /½ ž /2  c u
31 q qx x c  303 ž /ž /6  u u
4 2q q1 y y c  6  340 ž / ž /ž /24  c c
2 2q1 qy x c  1  122 ž /ž / ž /ž /4  c u
4 21 q qx x Ž . c  6  3 . 304 ž / ž / 5ž /24  u u
The ocean surface slopes are described by a GramCharlier
  Ž .pdf 16 , including different upwind x,   0
 and cross-
Ž . Ž 2 2wind y rms slopes   0.00316w and   0.003 u c
.0.00192w, w: wind speed measured at 12.5 m height , skew-
Ž .ness c  0.01  0.0086w, c  0.04  0.033w , and21 03
Ž .peakedness c  0.40, c  0.12, and c  0.23 terms.40 22 04
 Wilheit’s 16 frequency corrections for the rms slopes have
Ž .been included 0.3  0.02 f , f  35 GHz . Multiple scat-GHz
tering and surface shadowing effects are not included. The
validity of GO methods applied to the ocean surface depends
on wind speed, observation angle, and frequency. For exam-
ple, at 37 GHz, it can be applied for all wind speeds up to
 24 ms at   30
, and up to about 9 ms at   60
 10 .
Ž . Ž .3.1. Skewness and Peakedness Effects. Figure 1 a  c shows
Ž . Ž .the azimuthal dependence of T  ,  , T  ,  , and h
Ž .U  ,  at   53.1
 and w  7.9 ms on the upwindcross-
2 2 Ž .wind asymmetry    dotted line , also when skewnessu c
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Ž . Ž . Ž .Figure 1 Azimuthal signatures in a T , b T , and c U induced h
Ž .by the upwindcross-wind asymmetry dotted line , also including
Ž . Ž .skewness effects dashed line and peakedness effects solid line at
  53.1
 and w  7.9 ms, with SST  12
C and SSS  33 psu
Ž .coefficients c and c are included dashed line , and finally21 03
when all of the previous effects and the peakedness coeffi-
Ž .cients c , c , and c are included solid line . To show40 22 04
more clearly the impact of these parameters, foam and atmo-
spheric effects have not been included. As shown in Figure 1,
2 2 Ž . Ž .when only  ,  are considered dotted line , T  , u c 
Ž . Ž .and T  ,  have an azimuthal dependence as cos 2 ,h
Ž . Ž .while U  ,  is proportional to sin 2 . When the skewness
Ž .terms are taken into account dashed line , a first-harmonic
Ž . Ž .dependence as cos  is observed for T  ,  and
Ž . Ž . Ž .T  ,  , and as sin  for U  ,  . Taking into account theh
Ž .peakedness coefficients solid line introduces a minor change
in the shape of the azimuthal dependence, and can be ne-
Ž .glected in Eq. 3 .
3.2. Foam Coerage Effects. Two foam coverage models have
been analyzed in this study: a uniform-cover, polarization-
   insensitive model 16 , and a dynamic-foam model 10 with
 different vertical and horizontal foam emissivities 18 . No
 significant differences have been found 19 , and therefore
the uniform model has been implemented for simplicity.
Other sources of uncertainty in the modeling of sea foam
 have been reported. Monahan and Lu 20 have indicated
that foam may appear at lower wind speeds, about 34 ms,
 and Monahan and O’Muircheartaigh 21 have evidence that
the whitecap coverage depends not only on wind speed, but
Žalso on atmospheric stability T  T  T by 9%water atm
. Žfor T  1
C , water temperature T water viscositywater
.changes with T , wind duration, fetch, and water salinitywater
Ž51% larger whitecap coverage on the sea than on fresh
.water .
3.3. Atmospheric Effects. Two main effects produced by the
atmosphere have been reported in the literature: atmospheric
Ž .stability T and attenuation. In addition to its impact on
whitecap coverage, atmospheric stability affects the wind-
speed height profile, the mean wind speed at the surface, and
the sea-scattering coefficients. Atmospheric attenuation pro-
duces a depolarization of the radiation reaching the radio-
meter, and a decrease of the amplitude of the harmonics of
 T , T , and U 22 .h 
A third effect is the induced polarization and azimuthal
Ždependence of the downwelling temperature T atmo-DNh, 
.spheric  galactic  cosmic noise scattered from the ocean
surface that is then measured by the radiometer. Assuming
Ž .an azimuthally symmetric scatter-free atmosphere T  UPh
Ž . Ž . Ž . Ž .T  , T   T   T  , and U  V UP DNh DN DN UP UP
U  V  0,DN DN
 Ž .Ž . Ž . Ž . Ž .T  ,   e  ,  T  T  ,  e  T h hAP s sc UPh 

U UAP sc  Ž .Ž . Ž . Ž . Ž . ,   e  ,  T   ,  e 4sUV VAP sc
V
   T hhhh h hsch
   1T      h hsc  cos HH i Ž .2 Re    U 4 cos  2  hhh   hsc
V Ž .2 Im    sc  hhh   h
Ž . Ž . T  d	 5DN i
where the subscripts AP, UP, DN, and sc indicate apparent,
upwelling, downwelling, and scattered temperatures, respec-
Ž .tively, and   is the opacity of the atmosphere. The angular
Ž . Ž .and frequency dependences in Eqs. 4 and 5 have been
Žomitted for simplicity. In the presence of hydrometeors rain,
.ice, etc. , the atmospheric upwelling and downwelling emis-
Žsion may already be polarized T  T ; T  T ;UPh UP DNh DN
.  U , U , V , V  0 23 , and scattering from the oceanUP DN UP DN
Ž .surface changes its polarization state, and 5 becomes
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Ž . Ž . Ž .  Re  Im  T T hhhh h h h hh h hh DNhsch
Ž . Ž . Ž .1   Re  Im  T T  h h        h    h DNsc Ž . cos  d	 6HH i iŽ . Ž . Ž . Ž . Ž .U 2 Re  2 Re  Re    Im    U 4 cos  2sc  hhh   h   hh  hh   hh  hh DN
V Ž . Ž . Ž . Ž . Ž .2 Im  2 Im  Im    Re    V sc  hhh   h   hh  hh   hh  hh DN
Ž .which reduces to Eq. 5 when T  T  T andDNh DN DN
U  V  0. The azimuthal dependence of T , T , U ,UP DN sch sc sc
Ž .and V in Eq. 6 is out of phase with that of the surface’ssc
Ž . Ž .emission in Eq. 2 Fig. 2 . These effects will normally tend
to compensate each other, reducing the magnitude of this
Žazimuthal signature, except when it is very small horizontal
.polarization at  	 45
 or low wind speeds
4. MODEL PREDICTIONS
The angular dependence of the Stokes elements can be
expressed by
Ž . Ž . Ž . Ž . Ž .T  ,   T   T  cos   T  cos 2h h0 h1 h2
Ž . Ž . Ž . Ž . Ž .T  ,   T   T  cos   T  cos 2  0  1  2
Ž . Ž . Ž . Ž . Ž .U  ,   U  sin   U  sin 2 . 71 2
Ž . Ž . Ž .Figure 2 a and b shows the dependence of T  andh0
Ž .T  on the observation angle at 37 GHz for wind speeds of 0
5, 10, and 15 ms. At nadir, the sensitivity to wind speed is
Ž .approximately 0.61 K ms , depending on the wind speed,
and is null around 53
 at vertical polarization. Results from
Wentz’s SSMI geophysical model function at 53.1
 are shown
  Ž . Ž .with crosses for comparison 1 . Figure 2 c  n shows that
the amplitudes of the azimuthal harmonics T , T , U , T ,h1  1 1 h2
T , and U of the ocean emission have been numerically 2 2
computed at 37 GHz and w  5, 10, and 15 ms. Other
parameters are 12
C sea-surface temperature and 36 psu
sea-surface salinity. The amplitudes of the scattered down-
welling atmospheric temperature have also been computed,
and are plotted in Figure 2 for comparison. As commented
on in Section 3, they are out of phase with their correspond-
ing emission harmonics, thus reducing the total azimuthal
signature. As can be appreciated, the first harmonic is zero at
Ž .nadir   0
 , and its amplitude increases with the incidence
angle, for which skewness effects are more noticeable. On the
other hand, the second harmonic vanished around 4050

incidence angle, depending on the wind speed. At these
angles, and at low wind speeds, the first harmonic is also very
small, and the azimuthal signature is dominated by the scat-
tered downwelling atmospheric temperature.
5. COMPARISON WITH REPORTED EXPERIMENTAL DATA
Model predictions have been compared with reported
JPLWINDRAD measurements obtained in circular flights
   at a constant observation angle 4, p. 89 , 5, pp. 11811183 .
To make the comparison more precise, because of the lack of
information on the atmospheric conditions and the necessary
corrections, WINDRAD measurements azimuthally averaged
are compared to the apparent brightness temperature
 Ž .Eq. 4 computed using the present model, including ocean
surface emission, scattered downwelling atmospheric temper-
ature, upwelling atmospheric temperature, and atmospheric
attenuation assuming a horizontally stratified clear atmo-
Ž .sphere U.S. standard atmosphere and a flight altitude of
10 km. Results are shown in Figure 3. At 37 GHz, the
agreement between predicted T is better than 6.5 K forh,  0
all conditions, except at   65
 horizontal polarization, which
can be most probably attributed to atmospheric contributions
not properly modeled.
Figure 3 shows the azimuthal dependence of T , T , and U h
Ž .with respect to the upwind direction   0
 , at observation
angles   45, 55, and 65
, f  37 GHz, and w  9 ms. The
agreement with JPLWINDRAD measurements is quite good
at   55 and 65
, although the second harmonic of T andh
T is a little bit underestimated at   45
. Figure 4 shows
the importance of atmospheric effects when the azimuthal
dependence of the surface emission is small. The atmospheric
contribution is shown for the horizontal brightness tempera-
 Ž .ture at 37 GHz, w  9 ms, and   45
 Fig. 4 a , and for
the third Stokes parameter at 37 GHz, w  2.5 ms, and
 Ž .  65
 Fig. 4 b . It appears that, around a 45
 observation
angle, the azimuthal variation exhibited by the modeled Th
 Ž .dotted line, Fig. 4 a is much smaller than the measured
values. The agreement improves significantly after accounting
for atmospheric effects, i.e., scattered atmospheric tempera-
 Ž . Ž .ture and attenuation solid line, Fig. 4 a . Figure 4 b illus-
trates an interesting phenomenon: the significance of the
uncertainties in Cox and Munk coefficients at low wind
speeds. The dotted line represents the emission from the
 Ž .ocean calculated at 1.5 ms wind speed Fig. 4 b , within
the 1 ms measurement uncertainty, and the solid line
represents the result of adding the scattered downwelling
atmospheric temperature and the attenuation. The azimuthal
dependence of U and T must be considered in all cases,sc sch
although it is not always as important as in these two exam-
Ž .ples. As expected, T is usually much smaller than e  ,  sc 
T since the vertical reflection coefficient is lower.s
6. CONCLUSIONS
This paper presents the results of an improved analytical
Kirchhoff model under the stationary phase approximation
Žfor the first three elements of the Stokes vector T , T andh 
.U, V  0 of ocean surface emission. Ocean slopes are mod-
Ž .eled by a Cox and Munk probability density function pdf ,
including upwind cross-wind rms slopes, skewness, and
peakedness terms. It is found that the asymmetry of upwind
cross-wind rms slopes is responsible for the azimuthal second
harmonic of the Stokes vector, while skewness terms are
responsible for the first azimuthal harmonic, and peakedness
terms have a negligible impact. The main advantages of this
approach are its simplicity and its independence of the choice
of any particular tuning parameter. Simulation results com-
pare favorably with JPLWINDRAD measurements. The
analysis has also demonstrated the importance of the polar-
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Ž . Ž .Figure 2 Computed azimuthal harmonics of T , T , U, T , T , and U at 37 GHz and w  5 ms solid , 10 ms dashed , andh  sch sc sc
Ž . Ž .15 ms dasheddotted . SST  12
C, SSS  33 psu, T 0
  22.8 KD N
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Figure 3 Comparison of JPLWINDRAD measurements with numerical simulations. Data:  19 GHz, 37 GHz. Simulations: solid
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .line 19 GHz, dotted line 37 GHz. Observation angles: a  c 45
, d  f 55
, g  i 65
. a , d , g T , b , e , h T , and c , f , i U. h
SST  12
C, SSS  33 psu, and the U.S. standard clear atmosphere. Wind speed: 9 ms at   45, 55, and 65
. Bottom: T from , h0
dataT from model assuming U.S. standard atmosphere at 19 and 37 GHz. U  0 for all w , h0 0
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Figure 4 Atmospheric contribution to the azimuthal dependence of
Ž .the Stokes vector at 37 GHz: a T at   45
 and w  9 ms.h
Ž .b U at   65
 and nominal wind speed w  2.5 ms. Dotted line:
ocean emission attenuated by the atmosphere. Solid line: ocean
emission and downwelling atmospheric temperature scattered over
the ocean surface, attenuated by the atmosphere up to 10 km
ization in the downwelling atmospheric brightness tempera-
ture induced by the scattering on the ocean surface, which is
especially important for T and U at low wind speeds andorh
observation angles near 45
.
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